Purpose: To study possible detection of structural abnormalities on 7T MRI that were not detected on 3T MRI and estimate the added value of MEG-guidance. For abnormalities found, analysis of convergence between clinical, MEG and 7T MRI localization of suspected epileptogenic foci. Methods: In adult patients with well-documented localization-related epilepsy in whom a previous 3T MRI did not demonstrate an epileptogenic lesion but MEG indicated a plausible epileptogenic focus, 7T MRI was performed. Based on semiologic data, visual analysis of the 7T images was performed as well as based on prior MEG results. Correlation with other data from the patient charts, for as far as these were available, was analysed. To establish the level of concordance between the three observers the generalized or Fleiss kappa was calculated. Results: In 3/19 patients abnormalities that, based on semiology, could plausibly represent an epileptogenic lesion were detected using 7T MRI. In an additional 3/19 an abnormality was detected after MEG-guidance. However, in these later cases there was no concordance among the three observers with regard to the presence of a structural abnormality. In one of these three cases intracranial recording was performed, proving the possible abnormality on 7T MRI to be the epileptogenic focus. Conclusions: In 32% of patients 7T MRI showed abnormalities that could indicate an epileptogenic lesion whereas previous 3T MRI did not, especially when visual inspection was guided by the presence of focal interictal MEG abnormalities.
Introduction
Epilepsy has an estimated prevalence of 0.4 to 1.4% [1] . At least 61% of the patients diagnosed with epilepsy suffer from localizationrelated epilepsies [2] . Approximately 30% of patients with localizationrelated seizures suffer from refractory epilepsy [3] . In up to 74% of patients with localization-related seizures, MRI shows no abnormalities [4] . In children with epilepsy this is about one-third [5] . Prognosis for seizure control following focal resection of the epileptogenic zone is excellent [6] . Identification of a lesion on MRI is a major predictive factor for surgical outcome [7, 8] . The majority of patients suffering from focal seizures of unknown origin [9] probably have a small focal cortical dysplasia (FCD) [10, 11] . FCD's often escape detection with present imaging techniques [12] , may considerably vary in size and localization [13] and are likely to be located at the bottom of sulci [14] . Post-processing of the images using voxel-based morphometric techniques, like MAP07, can enhance detection rate [15, 16] . Also, using higher field strength MRI more abnormalities can be visualized [17, 18] . Therefor, 7 T MRI yields the promise of improving detection. In epilepsy patients, ex vivo [19] and in vivo 7T MRI examples of FCD in humans are available [20] [21] [22] .
When an MRI is re-analysed with an a-priori hypothesis more lesions are detected [23, 24] . Magnetoencephalography (MEG) is not only a reliable indicator of epilepsy [25] but also a powerful tool to determine a possible epileptogenic focus [26, 27] and is of growing presurgical importance in combination with MRI (MRS, magnetic source imaging) [28] . In frontal lobe epilepsy interictal MEG might even be more predictive than ictal semiology in locating the epileptogenic zone [29] .
The present study explores the possible role of visual and of MEGguided visual 7T MRI analysis in improving detection of a possible epileptogenic lesion. The levels of convergence between clinical data, T MEG and 7T MRI findings are described.
Methods
Patients were prospectively recruited from the Academic Centre for Epileptology (ACE), location Kempenhaeghe, a tertiary epilepsy centre. Additionally, two patients were referred by another institution (SEIN) to participate in this study. Inclusion criteria included previously diagnosed focal epilepsy, MEG results showing epileptiform abnormalities concordant with semiology ("plausible"), and a 3T-MRI without showing abnormalities that could explain the seizures, despite availability of all other clinical data. Further inclusion criteria included age 18 or above and signed informed consent. Exclusion criteria included pregnancy and being incapacitated. Standard MRI-exclusion criteria applied, including body implants that are not (yet) proven safe at 7T MRI.
Although not an inclusion criterion, all but one patient were included during a period of pre-surgical analysis. Seizure description, MEG results and other auxiliary information on possible locations of the epileptic focus were gathered from the patient charts. If, after analysis of the 7T MRI, a patient was operated upon, data on results of surgery and histopathology were added to the database. The 7T MRI then was re-evaluated by two of the three observers.
Previously performed clinical MEG data (Neuromag 306, Elekta Oy, Helsinki, Finland) had been analysed in an experienced centre (VUmc, Amsterdam, Netherlands) and indicated a plausible epileptogenic focus in all patients. MEG recording time was at least one hour, including eye opening and closing, hyperventilation and rest. Obtaining a recording in sleep was not mandatory. No EEG co-registration was available. Used analysis methods included equivalent current dipole modelling and beamforming analysis [30, 31] .
The previously performed state-of-the-art 3T MRI (3.0 T Achieva, Philips, Best, The Netherlands) was analysed by an experienced neuroradiologist with special interest in epilepsy, aware of all available data including the MEG results. A voxel-based morphologic analysis program (MAP-07 [32, 33] ) was available during part of our study. During this time, patients were only included if MAP-07 did not indicate any abnormalities. In 14 out of the 19 included patients MAP-07 was applied prior to the 7T MRI. In the remaining 5 patients, MAP07 retrospectively performed on the original 3T MRI also did not show abnormalities. Used 3T MRI sequences included 3D-T1 (TR 8.1 ms, TE 3.7 ms, voxel 1 × 1 × 1 mm), T2 (TR 3000 ms, TE 80 ms, voxel 0.5 × 0.5 × 5 mm), T2* (TR 777 ms, TE 16 ms, voxel 0.9 × 1.1 × 5 mm), IR (TR 120 ms, TE 10 ms, TI 400 ms, voxel 0.4 × 0.6 × 2 mm) and 3D-FLAIR (TR 8000 ms, TE 50 ms, TI 2400 ms, voxel 1.1 × 1.1 × 0.5 mm) No abnormalities that could account for the particular epilepsy were found.
7T MRI was applied well within the limits of the American Food and Drug Administration (FDA) guidelines. Images were acquired on a Philips 7.0 T Achieva (Philips, Best, The Netherlands) using a 32-channel receive head coil at Leiden University Medical Center (LUMC). The protocol included: 3D T1 (TR 4.2 ms, TE 1.88 ms, voxel 0.9 × 0.9 × 0.9 mm), 3D FLAIR (TR 8000 ms, TE 300 ms, TI 2200 ms, voxel 0.80 × 0.84 × 0.80 mm), T2TSE (TR 3000 ms, TE 58 ms, voxel 0.5 × 0.5 × 1 mm) and T2* (TR 1764 ms, TE 25 ms, voxel 0.24 × 0.24 × 1 mm). No specific correction or post-processing techniques were used.
The region of interest (ROI) was determined by semiological data and by localization of epileptiform abnormalities recorded during MEG, projected on a 3D T1 3T MRI.
Images were visually assessed by two experienced neuroradiologists and one neurologist specialized in epilepsy. The first assessment was done by these 3 specialists independently of each other, while taking semiologic data into account but without knowledge of the MEG-results. A second assessment was based on visual guidance by MEG. Presence and location of MRI abnormalities were noted and compared to the contralateral site. Finally conclusions by the individual specialists were compared. To establish the level of concordance the generalized or Fleiss kappa was calculated.
In this study, one patient in whom an SEEG recording [34, 35] was performed before, and five patients in whom an SEEG recording was performed after the 7T MRI were included. In one patient intracranial recording using multiple subdural strips was carried out. Results of the intracranial recordings and results of surgery, when performed, were not available at the time of analysis of the MRI. However, surgical outcome and histological diagnosis were added in a later stage to the database in patients who underwent resective surgery. For patients without abnormalities on the first analysis of 7T MRI but a successful resection, two of the three observers re-evaluated the 7T MRI.
The medical ethical committee of LUMC approved the study protocol. All patients provided informed consent. 
Results
Twenty patients were studied. Complete data were obtained in 19 patients (patient and seizure characteristics: Table 1 ). 13 Patients did not show any new abnormalities on 7T MRI as compared to 3T MRI despite MEG-guidance. Of these 13 patients, however, patient 7 showed abundant extensive white matter hyper-intensities, hampering detailed interpretation of the images. In three of the remaining six patients new abnormalities were seen that fitted the clinical epilepsy symptoms by all three observers without prior knowledge of the MEG-findings. All three showed characteristics of FCD type II. In retrospect, one of these three patients also showed discrete signs of FCD on the 3T images (Fig. 1) .
Further MEG-guided visual inspection of the 7T MRI data resulted in possible abnormalities in three more patients (Fig. 2) . There was, however, no concordance among the observers in these patients as to the presence of an abnormality. Furthermore, no clear differential diagnosis could be given. Also, in one of the patients in whom semiology guided analysis showed a FCD MEG-guided analysis did not point to the same location. The generalized or Fleiss kappa between the observers was 0.683.
In the six patients with (possible) abnormalities on the 7T MRI perfect concordance was found between 7T MRI abnormality and regional location and lateralisation as predicted on clinical grounds. In other words: in these patients, the abnormality found with MRI was localised well within the clinically predicted region. In two patients MEG dipole localizations showed perfect concordance with the MRI abnormality. In three patients MEG dipoles and 7T MRI abnormalities were within each others vicinity but not exactly overlapping (Fig. 2 showing the worst of these three). In one patient MEG pointed at an area far away from the abnormalities seen on 7T MRI. Other investigations, when present, gave mixed results (Table 2) .
In one patient the location of the identified abnormality on 7T MRI influenced the decision not to proceed with presurgical analysis. In five [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] patients MRI information was helpful in proposing an SEEG (n = 2) and/or surgical planning, leading to resection in three. This resulted in seizure freedom for two patients and marked seizure reduction in one patient, whereas two patients refrained from continuing presurgical analysis. Intracranial recordings to prove location of the epileptogenic focus were performed in eight out of the 19 patients: seven patients were analysed with implantation of multiple intracerebral electrodes (SEEG) and one patient with arrays of subdural strips (Table 3 ). Due to the used neurosurgical approaches histopathologic diagnosis could not be obtained in all patients. Two of the SEEG implantations were performed in patients with a FCD unanimously detected on 7T MRI. Both were operated upon, histopathology showed FCD type II. In one of these two patients SEEG was performed before the 7T MRI was made. Some of the trajectories of the removed electrodes were still visible (Fig. 3) .
MEG predicted a right posterior frontal focus, whereas SEEG showed the focus to be more anterior frontal. Subsequent 7T MRI showed possible abnormalities located antero-basal to the most anterior SEEG electrode. The resected area included both the SEEG region and the abnormal region on 7T MRI. One SEEG implantation was performed in a patient with an electrode within the area that was suspicious based on the 7T MRI. (Fig. 4) . Histopathologic diagnosis could not be obtained.
Of the five patients with an undisputed normal MRI undergoing intracranial recordings, one patient had a clear-cut seizure onset zone demonstrated by SEEG in the posterior bank of the left cingulate gyrus. The electrical properties of the region as well as the local ictal SEEG pattern and the post-operative histopathology suggested the presence of FCD. Re-analysis of the 7T MRI still did not show any abnormalities in this region (Fig. 5) . Resection resulted in seizure freedom.
One patient with signs of FCD in the left central region decided not to proceed with epilepsy surgery due to fear of complications.
Structural abnormalities that were believed to be unrelated to the epileptic seizures were described in five patients both on 3T and 7T MRI: once multiple hyperintensities, once traumatic lesions far anterior to the suspected epileptic focus but in the same right medial frontal gyrus, twice arachnoid cysts and SEEG post-implantation abnormalities in one patient.
In one patient examination was interrupted due to restlessness during the imaging session. One of the patients experienced several habitual short-lasting seizures of lowered consciousness and peculiar sensations without motor signs during the scanning, not intervening with the scanning procedure. No other adverse events were noted during MRI-examination.
Discussion
This study analysed semiology-and MEG-guided 7T MRI in patients with epilepsy in whom visual MEG-assisted 3T MRI analysis as well as MAP07 did not show abnormalities that could explain the epilepsy. Over-all we found possible abnormalities in up to 32% of 3T MRI negative patients.
In 3 out of 19 patients, a formerly unnoticed lesion with characteristics of an FCD was found. In 3 other patients the observers were not unanimous with regard to the visual analysis. In one of these, by using SEEG the possible abnormality proved to be the epileptogenic focus. In the other 2 patients there was no functional (SEEG) or histopathological proof available on the possible abnormalities as seen on the 7T MRI. Therefor, it is not possible to conclude whether the findings could have been of clinical importance in these 2 patients. However, detection of these abnormalities can influence the decision making process during pre-surgical evaluation, making it more likely that the patient is not (yet) rejected for epilepsy surgery. The additional gain of 7T MRI compared to 3T MRI has clinical importance for this specific patient group. Voxel based morphology analysis of 7T MRI is under investigation [36] .
However, results of this study cannot easily be translated to a more general group of patients with epilepsy as this study was performed in a highly selected group of patients; all but one of the patients were undergoing pre-surgical analysis. Therefor, the level of confidence on the accuracy of the diagnosis of localization related epilepsy was high.
Recently, a comparable study was published by De Ciantis et al on the detectability of FCD's on 7T MRI in 21 patients without definite lesions on 3T or 1.5T MRI, showing a 29% diagnostic gain [20] . Agreement in imaging interpretation was reached through consensus- [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] based discussions based on visual identification of structural abnormalities. Four out of the 6 patients with a thus detected lesion were operated, all showing FCD on histopathology. These results are almost identical to our own results, even without additional guidance by a predetermined ROI. However, in 50% of their patients with an abnormality on 7T MRI a dubious region was already mentioned on visual inspection of lower field strength MRI. In our cohort even after re-examination of the lower field strength MRI's with knowledge of the outcome at 7T MRI in only 1 out of 6 cases a lesion could be detected on previous scans. In contrast to the study by De Ciantis et al, in our cohort all patients previously had a 3T MRI, which in each individual was inspected after MEG-results were available. Therefor, our inclusion criteria were much more vigorous. The above leads us to postulate that MEG-guided 7T MRI has higher additional value than 7T MRI sec. Also, the used sequences, although being of the same type, differed in scanparameters. Without head-to-head comparison between the two protocols in the same patients we cannot estimate differences in additional value. Our study population is too small to define the definite number needed to diagnose for 7T MRI. However, comparison with literature on other modalities, mostly used in presurgical analysis, can help to give an indication of the relative benefit of the use of 7T MRI in this patient group.
For example, 1H-MRS (Magnetic Resonance Spectroscopy) is helpful in lateralisation of the abnormal temporal lobe in all patients with MRInegative temporal lobe epilepsy [37] as well as extra-temporal epilepsies [38] . However, MRS highlights network metabolic dysfunction rather than the epileptogenic focus [39] . Therefor, 7T MRI is more suitable for presurgical analysis than MRS. SPECT (Single Photon Emission Computed Tomography) is performed in very selected cases and success is highly dependent on early ictal injection [40] . Due to the low temporal resolution, SPECT highlights both the ictal onset zone and the propagation pathways [41] . Removal of an area with concordance between intracranial recording and SPECT leads to seizure freedom in only 66.7% of cases [42] . These findings support the notion of SPECT as a marker of the epileptic network, whereas abnormalities on 7T MRI are more likely to represent the epileptogenic focus.
Especially in temporal lobe epilepsy a unilobar PET(Positron Emission Tomography) hypo metabolism is highly predictive of a good outcome [43] . However, PET tends to show more (sub)lobar hypo metabolism, rather than localised abnormalities [44] . In current clinical practise, PET will only be applied if MRI does not give sufficient information.
Comparing 7T MRI to the modalities mentioned above, it has a potential additional role in pre-surgical analysis of epilepsy patients. As in our study in three out of the six abnormal 7T MRI's the abnormality was not detected based on semiology alone without MEG-guidance the Table 2 Concordance between localization based on clinical data, V-EEG, SEEG, PET, SPECT, MEG, NPT (neuropsychological testing) and 7T MRI (final conclusion). R: right, L: left, C: central, F: frontal, I: insular, O: occipital, P: parietal, S: parasaggital, T: temporal, TPO: Temporo-parieto-occipital junction, PA: histopathologic diagnosis, -: Not Available. NA: No Abnormalities.?: no concordance between all 3 observers. Patient 15 did not complete the MRI and is therefor not listed in this table. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] former had added value. MEG abnormalities are described with FCD [45] and can be used in daily practise [25] . Technical advances are promising and might make MEG more widely available [46] . In our cohort in five out of 19 patients 7T MRI abnormalities were found in concordance with MEG at the level of lobe and lateralisation. However, in three of these 7T MRI and MEG localizations were not 100% overlapping. In one additional patient with MRI features of a FCD, MEG even seemed to be falsely localizing. This is in contrast with the findings of Wu et al [29] who describes MEG to be a better predictor than semiology in predicting the location of the epileptogenic focus. However, one of the inclusion criteria for this study was an Engel 1a surgery outcome, thus possibly excluding all patients in whom MEG was false localizing or lateralizing. In our group we included all patients with a plausible positive MEG-source localisation. Therefor, our results might better reflect the true predictive value of a native MEG. On the other hand, in most of our patients no post-operative proof of the location of the epileptogenic focus is available.
The (partial) mismatch between MEG and possible 7T MRI abnormalities might reflect the intrinsic limitation of MEG analysis, being based upon determining the source of a signal using a mathematical model, trying to explain the recorded signal given a certain number of assumptions and limitations [30, 47] ; the inverse problem (as already first described in 1847 [48] ). Convexity source localization errors of up to 2 cm are reported using MEG [49] . In our patients some sources were located in deeper structures, making it likely that localization errors can even be larger [50] . Another explanation could be that deeper sources can become visible on MEG after propagation of the activity to more superficial regions, thus highlighting this region instead of the epileptogenic focus. Last but not least, MEG records interictal epileptiform activity. This activity is an indication of the irritative zone, but does not necessarily reflects the epileptogenic zone.
High field MRI provides much more detailed images than 3T MRI. Some normal variants, as for example occipital extending ventricular walls, can be mistaken for FCD (Fig. 6) . On the other hand the discordance between MEG and MRI might point to false positive findings at 7T MRI. In case SEEG is planned, using the information gained by 7T MRI as well as by MEG will have impact on the implantation strategy.
Use of the clinical MEG report, in combination with a representation of the MEG sources projected on MRI in three planes, sufficiently guides the eye of the radiologist. However, visual inspection of a 7T MRI without concordance with clinical signs and symptoms may lead to erroneous conclusions. Therefor we advocate that on request of 7T MRI epileptologists should incorporate clinical data and possible spreading patterns of epileptic activity including hypotheses on possible location in order to help the radiologists in their analysis and thus enable them to be clinical neuroradiologists in the true sense of the word. E.g. in our series there was 1 patient in whom semiology pointed towards a temporal epileptogenic focus but MEG indicated an occipital focus. This reflects a known spreading pattern and is therefor not incongruent. In this case MRI must thoroughly be inspected in the occipital regions.
Due to the high costs and limited experience with 7T MRI in epilepsy patients, at present we only perform a 7T MRI in cases where all the other modalities together provide insufficient base to proceed to either implantation or operation even although all information points towards a possibly surgically treatable focal epilepsy. In our present study we used MEG as guidance tool, next to semiology. In our ongoing study we expand this with all other modalities, performing 7T MRI in all 3T-MRI negative cases with high probability of a limited focal seizure onset. Thus hoping to find a more definite answer to the position of 7T MRI in the real-live pre-surgical evaluation.
Conclusion
Semiology-guided visual analysis of 7T MRI has by itself already demonstrated a marking of possible epileptogenic abnormalities resembling FCD that were formerly not detected on MEG guided 3T MRI in 3 out of 19 of our patients. In an additional 3 out of 19 patients adding MEG-guidance lead to the detection of a possible lesion on 7T MRI. This is of clinical importance and especially in the pre-surgical work-up a valuable addition to current protocols. 
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